Abstract-The magnetization switching of Co 0 25 Pd 0 75 alloy film on Pb(Zr 0 52 Ti 0 48 )O 3 substrate was studied by measuring the polar Kerr rotation hysteresis loops and their electric field dependencies. It was found that the direction of spontaneous magnetization in CoPd alloy film was easily controllable via the inverse piezoelectric effect of the lead zirconate titanate layer, judging from the change of the Kerr rotation hysteresis loops with respect to an applied voltage. Since the magnetization direction maintains its initial state even when the applied voltage is turned off, this system is applicable to a future nonvolatile memory device.
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I. INTRODUCTION
T HE REALIZATION of a high-density nonvolatile memory, where the stored information is maintained even when the power is turned off, is one of the important issues in memory device developments. A promising candidate for nonvolatile memory device is magnetic random access memory (MRAM) [1] . The MRAM utilizes the switchable relative orientations of the spontaneous magnetizations between an easily reversed magnetic layer and a fixed magnetic layer separated by a nonmagnetic layer. The direction of magnetization is controlled by an external magnetic field. The localization issue of an applied magnetic field becomes a crucial problem in the ultrahigh-density memory structure in order not to interfere with neighbor cells. Therefore, a breakthrough in the magnetic information storage technology is needed to control the magnetization orientation of magnetic memory cell having a nonvolatile property.
In this study, we report magnetization switching in ferromagnetic (FM) film deposited on piezoelectric substrate through voltage control, instead of applying a magnetic field, for future ultrahigh-density memory device application. The underlying mechanism of operation is to control the magnetization direction of FM layer by utilizing the well-known magnetostrictive [2] and inverse piezoelectric effects [3] in ferromagnetic and piezoelectric materials, respectively. Since the spin engineering of CoPd alloy via magnetoelastic coupling had been confirmed in our previous studies [4] , [5] , in the present study we have investigated ultrathin Co Pd alloy film having a large magnetostriction constant [6] deposited on a lead zirconate titanate (PZT) substrate for a realization of this idea for a new memory architecture.
II. EXPERIMENTAL PROCEDURE
The Co Pd alloy film was deposited on commercially available (111)-oriented PZT substrate with the layer structure of 1-m PZT/150-nm Pt(111)-Ti-SiO -Si (INOSTEK Inc., Korea) as shown in Fig. 1 . The PZT film having a composition of Pb(Zr Ti )O was fabricated by a multiple spin coating method with PZT solution. This composition of PZT material is known as the morphotropic phase boundary, where it has high piezoelectric properties [7] , [8] . The piezoelectric coefficient ( ) is an important parameter in the application of FM/piezoelectric layers, because the inverse piezoelectric effect of the piezoelectric layer gives an actual strain enough to control the magnetization switching in the FM layer. The measured of this sample is about 270 pm/V, which turns out to be sufficient for the present application.
A 30-Å Co Pd alloy film was grown on PZT substrate by -beam evaporation in an ultrahigh vacuum chamber. A 30-Å Pd layer was deposited at the bottom (top) of the CoPd alloy film as a buffer (capping) layer. The CoPd alloy layer including Pd layers was deposited through a mask with a hole of 3-mm diameter at a rate of 1.65 Å/min and 1.24 Å/min for alloy film and Pd layers, respectively, under a base pressure of 5 10 Torr. The Pt layer under the PZT film was a bottom electrode as usually used in application of ferroelectric devices, and the top Pd layer was also used as a top electrode to apply an electric field vertically to the film plane as demonstrated in Fig. 1 . As a convenient and easy tool for the investigation of magnetization orientation, polar magnetooptical Kerr effect measurements were carried out with 45 incident laser beam of 0.7 mm in diameter, where the magnetic field was applied perpendicular to the film plane. Details of the magnetooptical Kerr effect measurement system were described elsewhere [9] .
III. RESULTS AND DISCUSSION
Since the magnetostrictive property of CoPd alloy film is sensitively dependent on the composition and the magnetoelastic coupling constant has a maximum value at about 25 at% Co [5] , [6] , we have carried out the experiment with the alloy composition of Co Pd . Fig. 2 shows the Kerr rotation signal with respect to a sinusoidal applied voltage ranging from positive to negative 10 V at a frequency of 0.1 Hz. The frequency of Kerr rotation signal is doubled in comparison with that of the applied voltage, which undoubtedly implies the voltage-controllable magnetization switching via inverse piezoelectric effect.
In order to investigate the magnetization orientation with respect to an applied voltage, we have measured the magnetic-field dependent-polar Kerr rotation ( ) hysteresis loops at given voltages from 10 V to 10 V, and then in the reverse direction as shown in Fig. 3 . From 10 to 0 V, the shape of hysteresis loop is slanted, which implies that the magnetic easy direction is canted from the normal to the film plane. As the applied voltage further decreases below the negative coercive voltage of 3 V, the magnetic hysteresis loop becomes almost squared, which indicates that the direction of spontaneous magnetization is nearly perpendicular to the film plane. In the reverse direction of an applied voltage from 10 V to 10 V, the reversed behavior appears; the direction of the magnetic easy axis is changed from perpendicular to canted state above positive coercive voltage. Note that the magnetic hysteresis loops at remanent states of zero applied voltage in the forward and backward direction are distinctly different and maintain their initial states of magnetization.
From the polar Kerr rotation hysteresis loops, we have determined the coercivity ( ) and the squareness ( ) as a function of an applied voltage as demonstrated in Fig. 4(a) and (b), respectively, where is the remanence at zero magnetic field and is the saturation value as indicated in the inset. The squareness value of one implies the direction of spontaneous magnetization is normal to the film plane. Although the , and H are the saturation value, the remanence at zero magnetic field, and the coercivity, respectively. difference of the coercivities between at the positive and the negative saturation voltages is nothing but 20 Oe, the coercivity with respect to an applied voltage shows a clear hysteresis with remanence of 75%. Moreover, the magnetization direction of CoPd alloy film is remarkably controlled by an applied voltage as demonstrated in Fig. 4(b) . The squareness at the positive saturation voltage is about 0.6 and it changes to about 0.9 at the negative saturation voltage, which vividly manifests the reorientation of the spontaneous magnetization from canted to nearly perpendicular direction [10] . The origin of this spin reorientation transition resides in the inverse piezoelectric effect of the PZT film induced by an applied voltage. Therefore, the properties of the voltage-controllable magnetization switching and the remanence value of nearly one can be applicable to a new means of writing process in ultrahigh-density nonvolatile memory device. It should be empathized that the optimization of the CoPd alloy composition as well as a suitable piezoelectric material having a large piezoelectric property is crucial for magnetization switching via voltage control in this hybrid system.
IV. CONCLUSION
We vividly demonstrated that the orientation of spontaneous magnetization in Co Pd alloy film on PZT substrate could be controlled via the inverse piezoelectric effect. The nonvolatile characteristic of this hybrid system, i.e., the magnetization direction maintains its initial state even when the applied voltage is turned off, opens a new perspective on an epoch-making type of ultrahigh-density memory devices.
